Abstract: Despite much progress in understanding the genetics of syndromic tooth agenesis (TA), the causes of the most common, isolated TA remain elusive. Recent studies have identified novel genes and variants contributing to the etiology of TA, and revealed new pathways in which tooth development genes belong. Further, the use of new research approaches including next-generation sequencing has provided increased evidence supporting an oligogenic inheritance model for TA, and may explain the phenotypic variability of the condition. In this review, we present current knowledge about the genetic mechanisms underlying syndromic and isolated TA in humans, and highlight the value of incorporating next-generation sequencing approaches to identify causative and/or modifier genes that contribute to the etiology of TA.
Introduction
Tooth development requires a sequential and reciprocal series of signaling interactions between the oral epithelium and the neural crest-derived mesenchyme, which are under strict genetic control by a number of signaling molecules and their downstream signaling pathways. During these stages, the continuous interplay of inductive signals between epithelia and mesenchyme in a precisely organized manner results in the formation of distinct and highly specialized structures, such as incisor, canine, premolar and molar teeth [1] . Disturbances during any step of tooth development may affect growth, differentiation and pattern formation [2] .
Tooth agenesis (TA) is the congenital absence of one or more permanent teeth, and results from disturbances during early stages of tooth development. TA is recognized as the most common abnormality of dental development and may appear as a characteristic feature of ≈150 syndromes, although it is more frequent as an isolated trait that may appear sporadically or segregate in families [3, 4] . Autosomal dominant, autosomal recessive, or X-linked patterns of inheritance have been described for TA, with considerable variation in penetrance and expressivity. Based on the number of missing teeth other than third molars, TA is referred to as hypodontia (≤5 teeth missing) or oligodontia (≥6 teeth missing). Anodontia refers to the absence of all permanent teeth and is associated with syndromic forms of TA [5] .
There are large differences in the prevalence of TA, whether it refers to hypodontia or oligodontia, and also among genders and different racial populations. In general, population studies have revealed that the prevalence of isolated hypodontia ranges from 3-10%, while oligodontia is less common with a reported prevalence of 0.1-0.5%, excluding third molars. Upon inclusion of third molars, the prevalence rises to 25% [4, 6] . The most commonly missing teeth are permanent mandibular second premolars, maxillary lateral incisors, and maxillary second premolars [3] . Females are more affected than males in a 3:2 ratio [5] .
TA may be occasionally caused by exogenous factors, such as infections, trauma, chemotherapy, or radiotherapy, however, the majority of cases are due to genetic factors [7] . Studies of odontogenesis in mice have elegantly shown that tooth development is under strict genetic control, which determines the positions, numbers and shapes of different teeth [8] . Over many years, studies using transgenic animals provided functional data showing that disruption of genes in the bone morphogenetic protein (BMP), fibroblast growth factor (FGF), sonic hedgehog (SHH), and wingless-related integration site (WNT) signaling pathways resulted in severe abnormalities of tooth development ranging from defects in tooth patterning to complete arrest of tooth development [1, 4] .
In humans, mutations in several genes have been reported as causal for TA. However, known mutations explain a restricted number of cases and much remains to be learned about the underlying molecular mechanisms in TA [4] . Epigenetic regulation affecting a network of interconnected signaling pathways that included tooth development was also suggested to play a role in the etiology of TA [9] . Recently, new technologies such as next-generation sequencing have proven to be valuable tools in the identification of novel TA genes and variants, and begun to elucidate the genetic defects responsible for this condition [10, 11] .
The purpose of this review is to present an overview of genes and pathways identified as having a role in human TA, and discuss recent findings from next-generation sequencing studies. We also present new perspectives on the potential molecular mechanisms underlying human TA that may bring new possibilities for future prevention and treatment.
Genetic Basis of Tooth Agenesis

Syndromes Associated with Tooth Agenesis
More than 150 syndromes include TA as a phenotype. These include mostly oral-facial cleft syndromes and ectodermal dysplasia syndromes [12, 13] . Teeth share developmental mechanisms with other ectodermal organs in terms of timing and the cellular processes involved, therefore genes involved in odontogenesis may play a role in other developmental processes [12, 14] . A summary of the syndromic forms of TA and their etiologic genes is presented in Table 1 . 
Ectodermal Dysplasia Syndromes
Ectodermal dysplasias (ED) comprise a group of disorders characterized by a combination of findings involving defects in the skin, hair, nails, teeth, exocrine and sebaceous glands. Distinct types of ED have been reported, caused by mutations in different genes. X-linked recessive hypohidrotic (HED) is the most common ED and caused by mutations in the EDA (ectodysplasin A) gene. Currently, more than 200 mutations in EDA have been found in individuals with HED. The EDA protein is a type-II trimeric transmembrane protein belonging to the tumor necrosis factor (TNF) ligand superfamily which functions as a signaling molecule during epithelial morphogenesis [98] . Upon stimulation, EDA binds to its receptor, EDAR (ectodysplasin A receptor), which in turn binds to the adaptor EDARADD (EDAR-associated death domain) for activation of downstream target proteins. Mutations in EDAR and EDARADD cause autosomal dominant and recessive forms of HED [4, 7] . In addition to variable involvement of teeth in distinct forms of ED, minor ectodermal anomalies are often observed.
Witkop syndrome is a rare autosomal dominant ED involving the teeth and nails, caused by mutations in the MSX1 (muscle segment homeobox, homolog 1) gene. Although a few reported cases have sparse or fine hair, most affected individuals have normal hair and sweat glands [99] . MSX1 is a homeobox gene that belongs to a family of transcription factors that are expressed in overlapping patterns at multiple sites of tissue interactions during vertebrate development [2] . In mice, MSX1 is essential for initiation of the tooth germ during the bud stage and then promotes the odontogenic potential of the dental mesenchyme [2] . Mice lacking MSX1 protein function present cleft palate, deficient mandibular and maxillary alveolar bones, and arrest of tooth development [100] . Further, MSX1 is a direct downstream target of WNT/ß-catenin signaling during craniofacial development and regulates the expression of additional genes within this pathway, including BMP2 (bone morphogenetic protein 2) and BMP4 (bone morphogenetic protein 4) [4] . Over 20 MSX1 mutations have been reported in association with both syndromic and nonsyndromic TA phenotypes in humans.
Odontoonychodermal dysplasia (OODD) and Schopf-Schulz-Passarge syndrome (SSPS) are autosomal recessive disorders caused by homozygous or compound heterozygous missense mutations in WNT10A (wingless-type MMTV integration site family, member 10A). Affected individuals have dry hair, severe TA, smooth tongue, palmoplantar keratosis, and dystrophic nails [93, 94] . WNT10A is thought to function through the canonical Wnt-ß catenin signaling pathway and activates target genes in the nucleus through binding to LEF1 transcription factor [101] . During tooth development, continuous Wnt-β catenin signaling in the dental epithelium and mesenchyme is required for tooth formation and morphogenesis [102] . During mouse tooth development, WNT10A is first detected in the enamel knot and then shifting to the secondary enamel knot to the underlying mesenchyme and developing odontoblasts [103, 104] . In WNT10A null mice, however, supernumerary teeth and altered molar crown morphology are observed, in contrast to the TA phenotype in humans [105] . Numerous reports have shown the involvement of WNT10A mutations in OODD and SSPS, and in a wide spectrum of autosomal recessive ectodermal dysplasias [93, 94, 106, 107] as well as in isolated TA cases [11, [108] [109] [110] .
A homozygous missense mutation (c.626T > C, p.Phe209Ser) in KREMEN1 (kringle containing transmembrane protein 1), a negative regulator of the Wnt pathway, was identified in four consanguineous Palestinian families with ED. This variant in its heterozygous state was also identified in 6 out of 39 unaffected control individuals [64] . Recently, two additional variants in KREMEN1 (c.146C > G and c.773_778del) were identified as pathogenic in two Turkish families with suspected ED [11] . KREMEN1 encodes a kringle domain-containing transmembrane protein that binds to DKK1, creating a DKK1-Kremen-LRP6 ligand-receptor complex critical for Wnt signaling [111] . While in this complex, Kremen triggers the internalization of LRP6 inhibiting Wnt signaling. In the absence of DKK1, however, Kremen can increase Wnt signaling through LRP6 binding. Targeted disruption of the Wnt regulator Kremen in mice induces limb defects and high bone density but no other obvious phenotypes [111] .
Oral-Facial Cleft Syndromes
Van der Woude syndrome (VWS) is an autosomal dominant disorder and one of the most common clefting syndromes. Affected individuals present with cleft lip with or without cleft palate (CL/P) and a range of associated features including lower lip pits and TA, which is present in ≈70% of the cases. VWS is caused by mutations in the IRF6 (interferon regulatory factor 6) gene that encodes a transcription factor highly expressed during craniofacial development and a regulator of keratinocyte proliferation and differentiation [57] . Mice deficient for IRF6 have abnormal skin, limb and craniofacial development, resultant from a primary defect in keratinocyte differentiation and proliferation. Furthermore, mice homozygous for the IRF6 null allele have a cleft palate which seems to be caused by a defect in elevation, either as a primary defect or secondary to crowding of the craniofacial structures owing to the constrictive action of the skin or oral adhesions [112] . IRF6 mutations are recognized as primary genetic causes of isolated and syndromic CL/P [58, 113, 114] .
Cleft lip/palate-ectodermal dysplasia syndrome is a rare, autosomal recessive disorder caused by homozygous loss-of-function mutations of the PVRL1 (poliovirus receptor-like 1) gene encoding nectin-1 [79] . Nectin-1 is a cell-cell adhesion molecule that is important for the initial step in the formation of adherens junctions and tight junctions; it is expressed in keratinocytes, neurons, and the developing face and palate. Clinical manifestations comprise a unique facial appearance with cleft lip/palate, ectodermal dysplasia, cutaneous syndactyly of the fingers and/or toes, hypodontia and in some cases, mental retardation [80] .
Axenfeld-Rieger Syndrome
Axenfeld-Rieger syndrome (MIM #180500) is an autosomal dominant disorder characterized by abnormal development of the anterior segment of the eye, and results in blindness from glaucoma in approximately 50% of affected individuals [115] . Systemic anomalies are associated and include failure of involution of the umbilicus, hypospadias and dental anomalies ranging from microdontia, TA, and tooth malformations [116] . The cause of Axenfeld-Rieger syndrome has been attributed to mutations in the PITX2 (paired like homeodomain 2) gene, which encodes the earliest transcription marker of tooth development and is expressed in the oral epithelium and dental placode [117] . PITX2 null mice have tooth development arrested at E12.5 [118] . Additionally, PITX2 has been shown to play a critical role in establishing left-right asymmetry in vertebrates [119] .
Familial Adenomatous Polyposis Syndrome
Familial adenomatous polyposis (FAP) is an autosomal dominant condition characterized by the development of multiple adenomatous polyps in the colon and rectum with high risk of subsequent malignant transformation. In addition, extracolonic changes occur in many affected subjects. These include epidermoid cysts, desmoid tumours, congenital hypertrophy of retinal pigment epithelium (CHRPE), osseous changes in the jaws and skeleton, and dental anomalies. FAP results from germline mutations in the APC (adenomatous polyposis coli) gene on chromosome 5q21 [120] . Approximately 17% of individuals with APC gene mutations have dental anomalies, particularly supernumerary teeth and compound odontomas, although cases of TA as well as impacted teeth have also been reported. Importantly, in addition to the established association between certain dental anomalies and FAP, an association between TA and genetic predisposition to colon cancer was suggested [22, 121, 122] .
Oligodontia-Colorectal Cancer Syndrome
A germline nonsense mutation in AXIN2 (c.1996C > T, p.Arg656*) was identified as the likely cause of autosomal dominant oligodontia (severe TA) and colorectal cancer segregating in a large, four-generation Finnish family. Eleven members of the family lacked at least eight permanent teeth, two of whom developed only three permanent teeth. Colorectal cancer or precancerous lesions of variable types were found in eight of the patients with oligodontia [22] . In this same study, a second frameshift mutation leading to a heterozygous 1-bp insertion (c.1994_1995insG, p.706*) in exon 7 of the AXIN2 gene was identified in an unrelated individual with oligodontia, suggesting that this gene may contribute to both tooth development and tumor development later in life [22] . A recent study showed that variations in colorectal cancer-related genes (ATF1 and DUSP10) were significantly associated with TA (albeit in isolated cases); further, Atf1 and Dusp10 expression was detected in the mouse developing teeth from early bud stages to the formation of the complete tooth, suggesting a potential role for these genes and their encoded proteins in toothdevelopment [123] . Taken together, these findings continue to support a potential overlap in the molecular etiology of TA and colorectal cancer, although no cause-effect relationship can yet be established and more research is warranted in this area.
Isolated (Nonsyndromic) Tooth Agenesis
Syndromic forms of TA and genes implicated during normal tooth development in animal models have provided important clues to identify candidate genes for isolated TA in humans. To date, numerous genes have been proposed as etiologic for isolated TA (Table 2) . 
MSX1
Mutations in MSX1 were the first to be described in individuals with isolated TA [152] . Since then, over 20 mutations in MSX1 have been reported in association with isolated TA, most of which are nonsense or missense mutations located in the homeobox domain, and which suggest that haploinsufficiency of MSX1 underlies TA phenotypes [153] (Figure 1) . Mutations in the homeobox domain disrupt DNA-binding and preferentially cause isolated TA, meanwhile variants in the natively unfolded N-terminal part of the protein generally cause oral-facial clefts. These observations suggest that the effect of MSX1 mutations are directly related to the affected protein domain. MSX1-associated TA typically includes missing maxillary and mandibular second premolars and maxillary first premolars. 
PAX9
PAX9 belongs to the paired box (PAX) family of transcription factors that are essential for normal development in several multicellular organisms. In addition to MSX1, PAX9 has also long been implicated in isolated TA phenotypes and is one of the most widely studied genes in odontogenesis [4] .
PAX9 is expressed in the presumptive dental mesenchyme to activate signals and initiate tooth development. Absence of PAX9 in mice results in arrest of tooth development at the bud stage [154, 155] .
To date, more than 30 variations in PAX9 have been described in association with TA, most of which are insertions/deletions or missense mutations located in exon 2 of the gene and affecting the paired domain of the PAX9 protein [156] (Figure 1 ). The presence of PAX9 variation has primarily been associated with agenesis of permanent second molars, followed by second premolars; a few reports of agenesis of anterior teeth also exist [7, 156] . In general, the severity of the TA phenotype is associated with the type of mutation and its impact on PAX9 function. Individuals with nonsense/frameshift mutations present with a more severe phenotype when compared to those with missense mutations. In TA, known PAX9 mutations are heterozygous and show autosomal dominant inheritance, indicating that haploinsufficiency is likely contributing to the phenotype. Smaller tooth crown dimensions throughout the dentition have also been reported in TA patients with PAX9 mutations [157] .
AXIN2
Rare and common variants in AXIN2 have been found in association with isolated TA, presenting a mixed pattern of affected teeth [98, 124, 125] . Agenesis of molars, lower incisors and upper lateral incisors have been described in TA individuals, and the absence of at least one incisor is frequently reported [4, 98] . Five AXIN2 mutations have been widely reported in the literature, including four missense (c.956 + 16A > G; p.Pro50Ser, c.2051C > T; p.Ala684Val, c.2062C > T; p.Leu688Leu, and c.2272G > A; p.Ala758Thr), and one frameshift (c.1994insG; p.Asn666GlyfsX41). The presence of this frameshift mutation was associated with more missing teeth than missense mutations in all affected individuals [98, 158] .
WNT10A
WNT10A has been the focus of many genetic studies of TA. Over 50 heterozygous, homozygous as well as compound heterozygous variants in WNT10A have been identified in 15.8% of TA patients with 1 to 3 missing teeth, and in ≈52% of patients with >4 missing teeth [109] . Recent genotype-phenotype correlations have provided insights for the role of WNT10A in TA. Overall, WNT10A compound heterozygous mutations have been found in association with severe TA and a larger number of missing teeth in comparison to individuals with a single variant [108] [109] [110] 148] . While there are no preferential patterns of missing teeth in individuals with WNT10A variants, the absence of maxillary and mandibular molars, as well as mandibular incisors is often reported [149] . Of note, heterozygous WNT10A variants have also been identified in unaffected individuals in TA families, as well as in unrelated control individuals with no TA or family history of TA [108, 109] . It has been estimated that approximately 41% of individuals showing a single heterozygous variant in WNT10A will not have TA [148] . Figure 1 shows WNT10A variants identified in TA patients. A few WNT10A variants have been suggested to be common 'hotspots' for mutations in specific populations. For example, the c.637G > A (p.Gly213Ser) variant has been found more frequently in Asian populations [108, 149] , meanwhile the c.682T > A (p.Phe228Ile) variant has been widely reported in homozygous or heterozygous forms in Caucasian individuals with TA, but also in normal controls at a frequency of 2.3% [109] . The Phe228Ile variant is the most commonly found variant, and often described in combination with additional variants in WNT10A or in other genes [159, 160] . These findings support an oligogenic inheritance model for TA as discussed later in this review.
LRP6
LRP6 (LDL receptor related protein 6) is a co-receptor in the Wnt/β-catenin pathway and has been recently reported to contribute to isolated TA in different studies [11, 136, 137] . Six variants, including a nonsense variant (c.1779dupT, p.Glu594*), two insertion (c.2224_2225dupTT, p.Leu742Phefs*7 and c.1144_1145dupAG, p.Ala383Glyfs*8) and a splice-site (c.3607 + 3_6del, p.?) variant resulting in a truncated mRNA product, as well as a missense variant (c.56C > T, p.Ala19Val) were found in individuals with sporadic TA and/or segregating with TA in families [11, 136, 137] . In mice, LRP6 expression was noted in the tooth follicle and inner enamel epithelium [137] , while homozygous deletion of LRP6 led to severe skeletal abnormalities and lethality [161] .
2.2.6. Other Genes Recently Implicated in TA Mutations in GREM2, which encodes GREMLIN2, were identified in 7 patients with TA (hypodontia) and additional malformations, including taurodontism, sparse and slow-growing hair and dry and itchy skin [132] . GREMLIN2 is known to regulate BMPs in embryonic development. Specifically, BMP4 has an important role in tooth development and its knockdown resulted in the arrest of tooth development in mice [8] . Interestingly, GREM2 knockout mice have small and malformed teeth but do not have tooth development arrested. However, these findings suggest a potential role for GREM2 during tooth development [162] . Three missense mutations in GREM2 (p.Ala13Val, p.Glu136Asp and p.Gln76Glu) were identified as pathogenic in individuals with isolated TA and have not been reported in association with other structural malformations. GREM2 mutations exhibit variable expressivity even within the same families [132] .
EDA, EDAR and EDARADD have also been suggested to contribute to isolated TA [98, 129, 163] . In a genotype-phenotype correlation study, all EDA mutations in individuals with isolated TA were missense mutations and most likely to be located in the TNF domain [163] .
Another WNT pathway gene, WNT10B (wingless-type MMTV integration site family, member 10B), has also been implicated in isolated TA, albeit mostly in families from China and Thailand. Three heterozygous missense mutations (c.632G > A, p.Arg211Gln; c.569C > G, p.Pro190Arg; and c.851T > G, p.Phe284Cys) and one nonsense mutation (c.786G > A, p.Trp262*) in WNT10B were identified in Chinese individuals with TA, especially those missing the upper lateral incisors [151] . More recently, two additional heterozygous missense mutations (c.475G > C, p.Ala159Pro and c.1052G > A, p.Arg351His) were identified in five Thai families, and associated with isolated TA and other dental anomalies including microdontia and taurodontism [150] .
A homozygous missense variant c.1312C > T (p.Arg438Cys) in ANTXR1 (anthrax toxin receptor 1) was identified in association with TA (oligodontia) in a Turkish family [10] . Homozygous and biallelic variants in ANTXR1 have been associated with Growth retardation, Alopecia, Pseudoanodontia, and Optic atrophy (GAPO) syndrome, characterized by delayed growth, alopecia, failure of tooth eruption, and optic atrophy segregating as an AR trait [18, 19, 164] . Targeted disruption of Antxr1 in mice resulted in viable mice without major structural defects, although dental overgrowth, incisor misalignment, and dental dysplasia were observed, due to an accumulation of extracellular matrix in various tissues [165] . Antxr1 expression was detected in the epithelium of developing tongue, maxillary and mandibular processes, as well as in the dental epithelium and mesenchyme at early stages of tooth development. At later stages, Antxr1 expression was noted in the epithelium of the enamel organ and in the dental papilla, and then shifted to the polarized layer of ameloblasts and differentiating odontoblasts. ANTXR1 is a tumor-specific endothelial marker implicated in colorectal cancer, and upregulated in tumor angiogenesis [166] [167] [168] . Previously, Lammi et al. [22] showed that variants in the tumor suppressor gene AXIN2 segregated in a family with severe TA (oligodontia) and colorectal cancer, and suggested that TA and colorectal cancer may have a common genetic etiology. Numerous studies have since reported on variations in cancer-related genes in association with TA [123, 169, 170] . These findings highlight the complex nature of TA and emphasize the need to consider modifier genes and/or gene-gene interactions in studies of this condition.
A recent genome-wide association study (GWAS) that included over 1900 TA cases and 330,000 controls of European ancestry identified 4 novel risk variants that associate with TA, and 5 that associate with a combined phenotype of TA plus oral-facial clefts [171] . Dental anomalies are frequent findings in children with oral-facial clefts, and cleft subphenotypes have been proposed based on the pattern of the associated dental anomalies [172] . Of the 9 variants found, 5 were located in or close to Wnt pathway genes that have been implicated in tooth development and/or development of other ectodermal structures (EDA, EDAR, FOXI3, FORXP1 and LEF1), and 4 were located in or close to genes that have not been implicated in TA or tooth development (ASCL5/CACNA1S, ARHGAP15, NOL11 and FAM49A). In addition, two known variants in WNT10A (p.Phe228Ile and p.Cys107*) were also found to be significantly associated with TA in this GWAS [171] .
Monogenic vs. Oligogenic Inheritance Models
In recent years, oligogenic inheritance and multi-locus variation models have been proposed for a number of Mendelian diseases, further establishing the concept of mutational load in human genetic disease [173] . For TA, evidence for oligogenic inheritance is emerging, supported by the findings of recent whole exome sequencing studies and/or direct sequencing studies with more than one candidate gene [10, 11] .
Digenic mutations in MSX1 and PAX9 had been reported as associated with a more severe TA phenotype (15-17 missing teeth) [142] , and the interactions between these genes had begun to be elucidated. Studies have shown that PAX9 interacts with MSX1 to synergistically activate the expression of downstream tooth development genes, i.e., BMP4, which is essential for proper tooth morphogenesis [2] . The presence of digenic mutations in these genes might abolish their interactions and thus lead to more severe TA phenotypes [142] .
More recently, biallelic or heterozygous genotypes of WNT10A were found in TA patients who also presented homozygous or heterozygous genotypes of EDA, EDAR or EDARADD, suggesting the combined phenotypic effects of alleles in distinct genes as contributing to TA [174] . Additionally, compound heterozygous mutations in WNT10A (IVS2 + 1G > A and c.637G > A) were identified segregating together with a missense heterozygous variant in GREM2 (c.38C > T) in a patient with TA of maxillary permanent canines [132] .
Additional heterozygous splicing mutations in DKK1 (dickkopf WNT signaling pathway inhibitor 1; c.548-4G > T) and in COL17A1 (collagen type XVII alpha 1 chain; c.3277 + 3G > C), and a heterozygous missense variant in LAMA3 (laminin subunit alpha 3; c.2798G > T) were identified segregating with TA in one consanguineous Turkish family [11] . Pathogenic mutations in these genes had not yet been identified in individuals with TA, although they can be considered biologically plausible candidate genes due to their biological roles and/or disease-associated phenotypes. DKK1 encodes a high-affinity dickkopf homolog 1 transmembrane receptor that cooperates with LRP6 to block Wnt signaling during development and other cellular processes [175] . In mice, DKK1 is expressed in the dental mesenchyme, odontoblasts and osteoblasts, and its ectopic expression in the oral epithelia of transgenic mouse embryos resulted in blocked epithelial and mesenchymal signaling leading to arrest of tooth development at the early bud stage [176] . A common single-nucleotide polymorphism in DKK1 (rs11001553) was previously associated with isolated TA in a Chinese Han population [126] .
Mutations in LAMA3 cause junctional epidermolysis bullosa (OMIM #226650), an autosomal recessive skin disorder characterized by the presence of multiple blisters and erosions, dystrophic nails, enamel hypoplasia and hypodontia [177] . Further, targeted disruption of LAMA3 in mice resulted in defects of ameloblast differentiation [178] . Variations in COL17A1 have also been described in epidermolysis bullosa patients with enamel defects [179] .
A homozygous variant (c.-387delC > G) in the 5' UTR of the PITX2 gene, described above as etiologic for Axenfeld-Rieger syndrome, and a homozygous missense variant in BMP4 (c.T455C, p.Val152Ala) were identified segregating with isolated TA in two siblings from an Italian family [180] .
The finding of likely pathogenic alleles in more than one locus suggests the potential for oligogenic inheritance and multilocus variation models in isolated TA, likely contributing to the variable phenotypes. With advances in genome-wide sequencing studies of well-characterized TA individuals and families, and careful genotype-phenotype correlations, new TA genes acting individually or interactively with other genes are likely to be identified.
Genetic Pathways as the Focus of Future Studies
Over the years, studies using transgenic animals demonstrated that defects in genes belonging to BMP, FGF and WNT signaling pathways resulted in severe abnormalities of tooth development ranging from defects in tooth patterning to complete arrest of tooth development [1, 4, 8] . Meanwhile, mutations in genes belonging to the FGF family have not yet been described in association with TA, whereas a single variant in BMP4 (see above) was found in one TA family.
The current available evidence supports a significant role for WNT pathway genes in isolated TA, mostly supported by the higher frequency of pathogenic mutations in AXIN2, WNT10A, WNT10B and LRP6 in TA individuals [11, 22, 150, 171] . WNT signaling molecules are essential for patterning, proliferation and differentiation of multiple cell types during embryonic development. Secretion of WNTs, particularly WNT4, WNT6 and WNT10, from the dental epithelium has been reported as critical for tooth development, as the absence of WNT signaling leads to a dysfunctional enamel knot and subsequently in arrest of tooth development [103, 181] .
EDA, EDAR and EDARADD, with roles in both syndromic and isolated TA, belong to the NF-kB signaling pathway. Additional genes in the NF-kB pathway include NEMO (inhibitor of nuclear factor kappa B kinase subunit gamma), an important pathway modulator, and TRAF6 (TNF receptor associated factor 6), although little is known about the exact roles of these genes in tooth development and variations in these two genes were reported in individuals with syndromic TA [4] .
Based on the aforementioned observations of multilocus variation as a potential explanation for some TA cases, with candidate genes belonging to the same or different signaling pathways, it is presumable to hypothesize that isolated TA may be the result of variation in more than one gene, acting individually or in combination with other genes and contributing to the variable expressivity of the condition [182] . Determining the full spectrum of putative defective genes in TA, the pathways in which they belong (Figure 2) , their functions and interactive partners, will allow for improving our understanding of the underlying mechanisms in TA and may be the basis of future prevention and tooth replacement strategies. 
Conclusions
Isolated TA is a heterogeneous condition with variable expressivity. While variations in numerous genes have been attributed as causal for TA, the etiology of TA in many individuals is still unsolved and may reflect mutations in genes yet unknown to tooth development, or the presence of multilocus variation. Moreover, environmental and epigenetic factors may also be considered likely contributors to TA phenotypes and should be explored in future studies. Next-generation sequencing studies of well-characterized individuals and families present the unique ability to identify all of the TA-predisposing variants throughout the genome while revealing important genetic and network interactions that may be critical for tooth development. Further genetic and functional studies focusing on newly identified genes and pathways have the potential to elucidate the genetic landscape of isolated TA and provide insights into preventive and treatment strategies. Targeted therapeutics for TA-relevant genes and/or pathways may represent future tooth replacement therapies.
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